A clinical isolate of Cundidu albicans, a member of the Fungi Imperfecti, was polyploid as shown by the fact that it contained two kinds of nuclei, one of diploid and one of tetraploid DNA content. These determinations were made by fluorescence microscopy-photometry. The nucleus-associated organelles (NAOs), or spindle pole bodies, of yeast cells in this isolate were classified into two groups, one diploid and the other tetraploid, according to their dimensions as determined by serial thin-sectioning electron microscopy. A ploidy shift from diploid to tetraploid was found in individual cells of a culture of this isolate undergoing diphasic growth in minimal salts medium. A process of shift-down or reduction of ploidy from tetraploid to diploid was also observed by electron microscopy during these growth conditions: this appeared to occur in large cells which showed multiple spindle formation during nuclear division, a phenomenon apparently similar to the process of meiosis I1 during sporogenesis of Saccharomyces cerecisiae, but differing in that it produces diploid daughter nuclei by the vegetative process.
INTRODUCTION

Candida albicans is an imperfect yeast (Van Uden
. Members of this species can be isolated from humans and animals, and are well known as opportunistic pathogens (Odds, 1979) . This organism has been thought to exist in the haplophase (Sarachek et al., 1981) ; however, several recent studies have suggested that it is diploid. Magee and coworkers studied the isolation of auxotrophic mutants in C. albicans and concluded that auxotrophic markers existed in the homozygous state in these mutants, having segregated from a heterozygous state in the parents (Whelan et al., 1980) . This finding and further investigations led them to conclude that this organism was diploid (Whelan & Magee, 1981 ; Whelan & Soll, 1982; Kakar et al., 1983) . Poulter et al. (1981) also concluded from parasexual fusion experiments on C. albicans that tetraploidy or aneuploidy derived from diploid precursors could explain their results. Olaiya & Sogin (1979) proposed after measurement of D N A content by flow cytometry that several C. albicans strains were diploid. Their argument was based on the similarity of the DNA content of this organism to that of diploid Saccharomyces cerevisiae strains. Sequence complexity, determined by reassociation kinetics, of DNA from several strains of this organism also supported the notion of diploidy (Riggsby et al., 1982) . We have used fluorescence microscopy-photometry (FMP) 
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cell cycle in many clinical isolates of this organism (Suzuki et al., 1982) . The majority of the isolates were found to be diploid but a few were haploid or tetraploid. We also proposed another criterion of ploidy based on the size of the nucleus-associated organelles (NAOs) (equivalent to spindle pole bodies) during spindle formation. This paper describes an isolate of C . albicans showing polyploidy (both diploid and tetraploid cells in a clonal culture) as determined by FMP and the dimensions of NAOs. These findings indicate that a shift of ploidy states can occur between diploid and tetraploid but not between haploid and diploid cells.
METHODS
Strains and cuftivarion. C. afbicans strain NUM5 1 was isolated from a vaginal swab of a patient at ToyohashiShimin Hospital, Toyohashi-shi, Aichi Prefecture, Japan. The isolate developed chlamydospores on Dalmau plates and produced germ-tubes in serum, according to the methods described by McGinnis (1980) . The sugar fermentation and assimilation profile was identical to that described by Van Uden & Buckley (1970) for this species. C. albicans strain IF01385, given to us by the Institute of Fermentation, Osaka, Japan, was derived originally from the type strain of this species, CBS562. Strain IAM4966 was obtained from the Institute of Applied Microbiology, The University of Tokyo, Bunkyo-ku, Tokyo, Japan. S . cerevisiae strains T26 a (haploid), T556 aa (diploid), and 30T aaaa (tetraploid) were used as reference strains for determining DNA content, as described previously (Suzuki et af., 1982) . Yeast cells were grown in YM medium, consisting of 0.3% yeast extract, 0.3% malt extract, 0.5% peptone and 1% glucose or in Basal Minimal synthetic (BM) medium [0.5% (NH,)*S04, 0.02% sodium citrate, 0.02% MgS0,.7H20, 0.25% K,HPO,, 0.5% NaCI, 2% glucose and 0.0001 %biotin]. When these media were solidified, 1.5% agar was added. Liquid cultures (50 to 100 ml) were incubated in 500 ml Erlenmeyer flasks at 28 "C with shaking. Cultures of C. albicans were starved by incubating with shaking in distilled water fo 24 h. Stationary-phase cultures of S. cerevisiae were obtained after incubating yeast cells for 24 to 30 h in grow medium.
Growrh measurement. The optical density of a culture was measured with a Shimadzu QV-50 spectrophotometer using dilutions to an ODbb0 of 0.1 to 0.2. Cell counts were made in a Thoma counting chamber using samples which were fixed by the addition of an equal volume of 10% (v/v) formaldehyde solution. The procedure used for counting yeast cells and their buds was that of Williamson & Scope (1960) .
Nuclear staining andfluorescence microscopy. The cells were stained with propidium iodide. The staining solution was a modified NS solution (Suzuki et al., 1982) , consisting of 20 mM-Tris/HCI (pH 7.4), 0.25 M-SUCfOSe, 7 mM-2-mercaptoethanol, 0.4 mM-phenylmethylsulphonyl fluoride, 1 mM-Na,EDTA, 1 mM-MgCI,, 0.1 mM-CaClz and 0.005% (w/v) chlorhexidine gluconate. Propidium iodide and RNAase A (Sigma) were added to the solution at final concentrations of 5 pg ml-' and 1 mg ml-I, respectively. The cells were washed with distilled water by centrifugation and suspended in the staining solution in a test tube. Chlorhexidine immediately killed the cells, which were instantaneously and homogeneously stained. The cell suspension was then incubated at 37 "C for 3 to 5 h for complete digestion of RNA. Cell shapes and the DNA content of nuclei were observed simultaneously using an Olympus BH epifluorescence microscope equipped with phase objectives. The DNA content of individual nuclei was measured by using a Zeiss MPM03FL photometer (Suzuki et af., 1982) . Relative fluorescence was obtained on each nucleus with the microscope-photometer, and the fluorescence intensity was correlated to DNA content (fg) using haploid, diploid and tetraploid S . cerevisiue strains as references. The nuclear DNA content of a given culture was determined by measuring a random sample of 200 to 400 cells.
Ficofl density gradient centrifugation. Yeast cells were collected from YM media (50 ml) by centrifugation and suspended in 5 ml sterile distilled water. The cell suspension was then layered on a discontinuous density gradient consisting of 10 ml each of 12, 15, 19 and 23% (w/v) Ficoll400 (Pharmacia). The gradient was centrifuged at 28 "C in a swing-out rotor at 350g for 5 min.
Electron microscopy. Fixation of cells, staining and serial thin-sectioning were done according to Tanaka & Hirata (198 I) . The specimens were observed in a Hitachi H8OO electron microscope at an accelerating voltage of 100 kV. Electron micrographs were taken at magnifications between x 8000 and x 10000, and printed at x 40000 for reconstructing three-dimensional images. Nuclear profiles in sectioned cells were outlined by hand onto tracing paper using nearby organelles as reference points to determine the position and continuity of the organelles. These tracing papers were matched through the subsequent sections with a set of markers and entered on a Kontron MOP-Videoplan, from which reconstructed profiles were obtained.
R E S U L T S
Characterization of colony formation and the mixture of cells of various sizes in some strains of C . albicans Among 300 isolates of C. albicans that we obtained from clinical sources, three showed a characteristic heterogeneity of colony size on YM plates at an early stage of incubation: after incubation for 2 d at 28 "C, the colonies varied in size from 0.2 mm to 5 mm. When one of the small colonies was re-streaked on another YM plate and incubated for 2 d, the same mixture of colony sizes appeared. The large colonies behaved similarly. When these variously sized colonies were incubated for a further 2 to 3 d, the small ones continued to increase in size; finally it became impossible to distinguish the large from the small. Photomicroscopy of suspended cells from the colonies revealed that the small colonies contained mainly aggregated cells with free cells as a minor fraction and the large ones consisted of a majority of free cells together with a minor fraction of aggregated cells. There were small and large yeast cells in both types of colonies. The small ( S ) cells, which accounted for about two-thirds of the total, were globose to ellipsoidal, and 2.5 to 3 pm long. The large (L) cells were irregularly shaped, ellipsoidal to ovoid and occasionally pyriform or clavate. Twin-cell shaped or multiply-budded cells were also found (Fig. 1) . The L cells were 3 to 6 pm wide and 3 to 20 pm long. It seemed possible that differentsized cells in these isolates were in different ploidy states; one of these three isolates, NUMSl, was used for further investigations on ploidy.
Determination of relative ploidy by FMP It was possible to estimate the DNA content of nuclei and thus to determine the relative pfoidy by FMP. A calibration curve of nuclear DNA content against fluorescence intensity was obtained by using S. cerevisiae strains of known ploidy. Fig. 2 shows the profiles of fluorescence obtained from both exponential-and stationary-phase cells of haploid, diploid and tetraploid strains. The fluorescence values were calibrated by setting the gain of the photomultiplier to the approximate DNA content (fg) of the nuclei of reference strains. For example, the average fluorescence intensities of the stationary-phase cells of the haploid strain, T26, were used and the fluorescence value was adjusted to 18, as the haploid DNA content of this organism is reported to be 18 fg (Riggsby et af., 1982) . The average fluorescence of the nuclei of diploid and tetraploid strains was then determined. Once the gain setting was made, a round of measurements was carried out without further resetting, and the final calibration curve was obtained from the data of the average intensities of haploid, diploid and tetraploid S. cerevisiae, assuming the DNA content of their G-1 phase nuclei to be 18, 36 and 72 fg. Two strains of C. albicans, IAM4966 and IF01385, were examined together with NUM51. Strain IAM4966, considered a typical strain of this organism, produced yeast cells 2.5 to 3 pm wide and 2.5 to 4 p m long, similar in size to the S cells of NUM51. The DNA content of IAM4966 ranged from about 30 to 70fg (Fig. 3a) , and was similar to that of the diploid S. cerevisiae. Strain IAM4966 was therefore assumed to be diploid. Strain IFOl 385 comprised yeast cells larger than those of IAM4966,3 to 5 pm wide and 3 to 10 pm long. The DNA content of IF01385 ranged from 60 to 160 fg (Fig. 3c ). This profile of DNA content distribution was similar to that of a tetraploid S . cereuisiae strain. When the DNA content of starved cultures was measured, a single peak appeared around 35 to 40 fg in IAM4966 and around 70 fg in IFOl 385 (Fig. 3a, c) . Thus, IF01385 was assumed to be tetraploid or near tetraploid. The DNA distribution profile of NUM51 was much broader than those of the other two strains from 30 to 200 fg (Fig. 3 b) . When a culture of this strain was starved, two peaks with maxima around 35 fg and 70 fg, respectively, were observed (Fig. 3 b) . Further starvation, up to 72 h, did not change the profile. An experiment was done to separate exponential-phase cells of NUM51 (Fig. 46) into an S-cell-rich fraction (on the boundary between the 12 and 16% Ficoll layers) and an L-cellrich one (between the 19 and 23% layers) (Fig. 4a, c, solid lines) . Cultures of each of these fractions were starved (Fig. 4a, c, dashed lines) . The S-cell-rich fraction gave rise to cells with about 35fg DNA and the L-cell-rich fraction to cells with about 70fg DNA. Thus, the differences in size among cells of NUM51 seemed to be related to the difference in DNA content and that difference seemed to reflect the presence of two different ploidy states, diploid and tetraploid. The ploidy state of this strain was tentatively termed polyploid.
Evaluation of' polyploidy of' strain NUM51 by measuring the diameter of' NAOs The ploidy of a cell can be determined by counting chromosome number, but countable chromosomes cannot be seen in C. albicans at any time in its life cycle. In our previous work, we used another criterion, the dimension of NAOs, as an indicator of ploidy in this organism (Suzuki et al., 1982) . Observations by serial thin-sectioning electron microscopy revealed the presence of NAOs on the nuclear membrane. We measured the diameter of the NAOs which constituted the spindle poles in a dividing nucleus. Diphasic growth caused a shijit in ploidq: state in strain NUMSI Since in the polyploid strain, the size of individual cells appeared to reflect their ploidy, we considered whether the ploidy state could be experimentally changed by altering the cell size. When cells of NUM51 were transferred from YM to BM medium, the growth curve was diphasic (Fig. 5) , with a doubling time of 2.5 h (as determined by OD660) during the first phase, and of 5 h during the second phase, which started 4 h after the transfer of the culture. The increases in the cell number and nuclear DNA content of the culture showed different kinetics, with DNA initially lagging behind cell number or OD660. Four different types of cells appeared during the diphasic growth; these were called SI, SII, LI and LII. As observed under a fluorescence microscope-photometer with a phase-contrast objective, type SI cells were mononucleate and had a nuclear DNA content lower than 80fg. Budded SI cells contained about 80 fg DNA, and those without buds about 40 fg. Thus, type SI cells were probably diploid cells. Type SII cells were doublets with two nuclei, each containing 35 to 40fg DNA. One nucleus of a type SII cell was usually found in the mother cell and the other in the daughter cell, but some cells had the two nuclei in either one of the two cells. Type LI cells were mononucleate large cells with more than 90 fg DNA. A type LI cell with a DNA content around 90 fg was unbudded and was clearly distinguishable from a type SI cell with a bud. Budded LI cells (these frequently had multiple buds) had a nucleus with a DNA content of 120 to 150 fg. LI cells were apparently tetraploid. Type LII cells were multiply-budded and bi-, tri-or tetranucleate, and had a total DNA content of more than 140 fg. They could therefore be easily distinguished from type SII cells. A marked change in the percentage of each cell type occurred after 5 h incubation of the transferred culture. Type LI cells increased, with a concurrent decrease in SI cells; 7 to 8 h after the transfer of the culture, 70% of the cells in the culture were type LI (Fig. 6) . After 5 h incubation, the diameter of mitotic NAOs had changed from that of diploid cells to that of tetraploid cells (Fig. 7a-c) . The maximum percentage of tetraploid NAOs was observed at around 5 h. This time corresponded to the inflection point of the growth curve and also to the time when the rate of DNA synthesis dropped (Fig. 5) . The net increase in DNA content per cell almost ceased at 6.5 to 7 h after the transfer; at this time the percentage of diploid NAOs increased, with a concurrent decrease in tetraploid ones (Fig. 5, Fig. 7 d , e) . We infer that the culture underwent two ploidy shifts during diphasic growth: first from diploid to tetraploid and then from tetraploid to diploid. In neither of the control strains, diploid IAM4966 and tetraploid IF01385, did changes occur in the size of the NAOs. The shift in ploidy thus seems to be due to the polyploid nature of strain NUM51.
Ploidy shft in Candida albicans
" (e)8 h ' 0 60 120 180 240 NAO diameter (nm) Fig. 7 . Size distribution of NAOs in C . albicans NUMSl at various times during diphasic growth as described in Fig. 5 . NAO diameters were estimated on cells randomly sampled at a.given time by serial thin-sectioning electron microscopy. 
Electron microscopic observations on spindle formation in strain NUM.51
Spindle formation is a landmark event of mitosis in yeast cells (Byers & Goetsch, 1975) . We studied the cytological features of nuclear division in the polyphid strain NUMS 1. Cells of a culture undergoing diphasic growth were serial-sectioned for electron microscopy and all the sections of several cells undergoing spindle formation were examined. Nuclear profiles of individual cells were reconstructed in a Kontron Videoplan to give the three-dimensional shape of the nucleus. Representative results are shown in Figs 8 to 10. The cells were classified into the following four types: type I cells were mononucleate and had a pair of NAOs facing each other with a spindle (Fig. 8) . These NAOs were around 120 nm in diameter, and the nucleus was therefore assumed to be diploid. We propose that type I cells correspond to type SI cells as defined previously by fluorescence microscopy. Type I1 cells had a single nucleus containing a pair of large NAOs, around 200 nm in diameter (Fig. 9 ). Since type I1 cells thus appeared to be tetraploid, they correspond to the LI cells defined by fluorescence microscopy. Type I11 cells were mononucleate but had two spindles, each of which was composed of a pair of NAOs of around 120 nm in diameter (Fig. 10a, b) ; they were taken to be members of the type LI class. In terms of DNA content, the type I11 cell is assumed to be tetraploid; in terms of genome size inferred from the NAO dimensions, the single nucleus contains two diploid genomes. Type IV cells had two nuclei, each containing a spindle with a pair of NAOs of 120 nm in diameter ( Fig.  10c-e) . This indicated that type IV cells corresponded to the LII group as defined by fluorescence microscopy.
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DISCUSSION
It should be emphasized that the terms 'diploid' and 'tetraploid', as defined from DNA content determined by FMP, refer respectively to cells having a DNA content of 2C to 4C or 4C to 8C, where 1C indicates the haploid level of DNA. This criterion of ploidy determination cannot definitively answer the question whether the various cell types, especially type LI, actually represent different states of ploidy rather than simply subpopulations with a prolonged G-2 stage. The ideal way to determine the ploidy would be to count the number of metaphase chromosomes, as has been done for many eukaryotes (Brodsky & Uryvaeva, 1977) , but unfortunately, the chromosomes of most yeast cells are undetectable (Byers & Goetsch, 1975 ; Phaff et af., 1978) . We therefore used another criterion of ploidy, namely the size of NAOs during the formation of spindles. By this criterion, the type LI cells of NUM51, which had a tetraploid level of DNA, were further classified into two types; one was mononucleate with a tetraploid genome and the other was mononucleate with two diploid genomes. The latter cells could only be discriminated from the former by observing the ultrastructure of NAOs and spindles. It is, however, possible that a prolonged G-2 stage may be the trigger that brings about the shift of ploidy states in this strain.
One of the possible mechanisms of the shift-up of ploidy, from diploid to tetraploid, in this strain might be karyogamy. If karyogamy were the major event that created tetraploidy in this polyploid strain, one might expect that binucleate cells would appear as a result of acytokinetic mitosis, and that then the two nuclei would fuse. However, the results obtained from the study of diphasic growth of this strain showed no significant variation in the percentage of such binucleate cells preceding the shift-up of ploidy (Fig. 6) . Thus, karyogamy appears to be excluded in this strain as the major event causing the increase in ploidy during diphasic growth, which probably resulted from the occurrence of chromosome duplication in the absence of both nuclear division and budding. Ploidy increase was observed when the cells underwent nuclear DNA synthesis more rapidly than increase in cell number (Fig. 5) . This observation corresponds to the notion of 'endomitosis' in the yeast life cycle (Phaff et af., 1978) . The phenomenon of endomitosis or endopolyploidization (Brodsky & Uryvaeva, 1977) occurs as a consequence of the blocking of the normal course of mitosis or the omission of certain phases in the nuclear division cycle of eukaryotic cells. In NUM51, the shift-up of ploidy was associated with an increase in the dimension of NAOs (Fig. 7) . The increase in the frequency of occurrence of tetraploid nuclei during the first period of diphasic growth means that some of the large tetraploid cells should be derived from a diploid ancestral cell. Thus, in terms of NAO structure, one could hypothesize that, in the process of shift-up of ploidy, genomes were made to duplicate without segregation, resulting in the production of enlarged or 'endoduplicated' NAOs. When endoduplication did not occur, a given cell would remain diploid or tetraploid, depending on the previous state. Therefore, in the many other strains of this organism, a control mechanism may exist that prevents N AOs from 'endoduplication' and maintains a diploid state.
The shift-down of ploidy, from tetraploid to diploid, was found in this strain when nuclear division and cell division proceeded without a significant increase in the DNA content per cell (Fig. 5) . During this period, small daughter buds were produced from large mother cells. At least three mechanisms for this ploidy reduction could be envisaged: a meiotic reduction, a progressive loss of chromosomes, or a vegetative reduction division. There was no cytological evidence for a meiotic reduction. The possibility of a piecemeal loss of chromosomes from tetraploid nuclei by non-disjunction or other means has been suggested for C. afbicans: instability of the ploidy state and the occurrence of aneuploid segregants were reported for the tetraploid fusion products of this organism (Kakar et a f . , 1983; Whelan et af., 1985) . In the present case, the state of diploidy would be preceded by transitory aneuploidy lasting over generations and one could also expect that some nuclei might show a DNA content below the diploid level. However, no nuclei with less than the diploid amount of DNA were found in strain NUM51 during diphasic growth. Persistent aneuploidy would lead to a distribution profile of DNA content containing either intermediate peaks between 2C and 4C or a pattern of broad distribution. However, the results showed two main peaks, around 2C and 4C, respectively (Fig.  4) , which does not support the idea that piecemeal loss of chromosomes is a major event during the process of reduction in ploidy state. The third mechanism, a vegetative reduction division, seems most plausible, because of the multiple spindle figures that were found in the large cells of this strain (Fig. 9) . Each pair of diploid NAOs would presumably give rise to diploid daughter nuclei. This type of spindle figure is similar to that found in meiosis I1 during ascospore development of S . cerevisiae (Moens & Rapport, 1971) ; however, there was no other cytological evidence in NUMSl of such meiotic rcatures as structures relating to sexual spore development or the formation of synaptonemal complexes.
The findings on the polyploid strain of C . albicans in this study will contribute to the problems of ploidy variance in this species.
